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INTRODUCTION

This appendix contains the algorithms used to determine the resilient modulus, creep
compliance and indirect tensile strength for specimens tested using the P07 testing
protocol. The algorithms presented herein are based upon the data format, data sampling
rates and file structures used for LTPP P07 testing purposes. If formats, sampling rates
or file structures used are different than outlined herein, the algorithms should be
modified appropriately.

These algorithms are based upon the methods developed by Dr. Reynaldo Roque et. al.
and documented in the report referenced in Section 4.4 of this protocol. Dr. Roque and
his colleagues developed two programs, MRFHWA to reduce and analyze resilient
modulus data, and ITLTFHWA to reduce and analyze creep compliance and indirect
tensile strength data. The user’s guide for the software is available as a separate
document. The data analysis methods used in MRFHWA and ITLTFHWA are
documented in this appendix. Appendix C of this document contains a step-by-step
example of the calculations presented herein.

This appendix is divided into four sections as follows:
B1.  Introduction
B2.  Resilient Modulus Data Analysis Algorithm

B3.  Creep Compliance Data Analysis Algorithm
B4.  Indirect Tensile Strength Analysis Algorithm
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RESILIENT MODULUS DATA ANALYSIS ALGORITHM

An outline of the resilient modulus data analysis algorithm that is used in the

“MRFHWA” software, and described in the report by Roque et. al. is presented in section

B2.2. The algorithm is described graphically in section B2.3

B2.1

B2.2

Subscript Convention

For the purpose of clarity, a subscript convention has been developed. The
subscript ‘i’ represents the specimen number (i = 1, 2, or 3), the subscript ‘j’
represents the cycle number (j = 1, 2, or 3), and the subscript ‘k’ represents the
specimen face (k=1 or 2). Thus a variable may have up to three subscripts of the
following form: X .

Analysis

A separate analysis must be performed for each of the three temperatures.

B2.2.1 Select Cycles

For each of the three specimens, determine which three cycles of the five
recorded in the data file shall be used for analysis. Find the maximum
load (Pmax) of the first recorded cycle in the data file. If the maximum
occurs at or after 150 points from the start of the file, then the first three
cycles recorded in the data file shall be used for subsequent analysis. If
the maximum occurs less than 150 points from the start of the file, then
the second, third and fourth cycles recorded in the test shall be used.
From now on, regardless of which cycles have been selected for analysis,
they shall be referred to as cycles 1, 2 and 3, respectively.

B2.2.2 Calculate Contact Load (Pcontact;)

For each of the three specimens calculate the contact load. Only one
contact load shall be calculated for each specimen as follows:

(1) Determine the point at which the maximum load (Pmax) occurs for
cycle 1.

(2) Select the range of cells from 80 points before Pmax to 30 points
before Pmax (50 points total)
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3) Average the load values in the selected range as follows:

x—30
P y
y=x-80
Eq. Bl : Pcontact . =
a ’ 50
where: Pcontact; = the contact load for specimen 1, lbs.
Py = the load at point y, Ibs.
X = the point at which Pmax; ; occurs

B2.2.3 Determine Cycle Start and End Points

For each cycle j on each specimen i, determine the start and end points as

follows. Determine Pmax for cycle j

(1) Starting at Pmax, and moving to the left, the start of cycle j is
defined as the last data point for which the load is greater than
Pcontact; + 6 Ibs. This value shall be referred to as sp;;.

(2) Starting at Pmax and moving to the right, the end point for cycle j
is defined as the last data point for which the load is less than
Pcontact; + 6 Ibs. This value shall be referred to as ep;;.

B2.2.4 Determine the Cyclic Load

For each cycle j on each specimen i, determine the cyclic load (Pcyclic; ;)
as follows:

Eq. B2: Pcyclic, ; = Pmax, ;,— Pcontact,

where: Pcyclicij = the cyclic load for cycle j of specimen i, Ibs.
Pmax;; = the maximum load for cycle j of specimen 1, 1bs.
Pcontact; = the contact load of specimen i, lbs

B2.2.5 Calculate the maximum deformations :
On each of the two sawn faces of the sample, deformations are measured
in the horizontal and vertical axes. Thus for each sample there will be a

total of four deformation vs. time traces. From each of these traces, pick
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off the maximum deformation for each of the three cycles, within the
cycle start and end points defined in section B2.2.3. These deformations
will be referred to in the following format:

{H,V}max;x, inches
where {H,V} refers to the axis in which the deformation was measured

(horizontal or vertical) and subscripts 1, j and k refer to the specimen,

cycle and face, as defined in section B2.1.

B2.2.6 Determine minimum deformations :

For {H,V}max;;y calculated in section 4.2.5 there will be two
corresponding minimum deformations: Total and Instantaneous, as shown
in Figure 3 of the main body of this procedure. To calculate these
minimum deformations two regression lines must be developed. These

minimum deformations shall be referred to in the following format:
{H,V}imin{L,T};;x, inches

where {H,V} refers to the axis in which the deformation was measured
(horizontal or vertical), {I,T} refers to the type of deformation
(instantaneous or total) and subscripts 1, j and k refer to the specimen,

cycle and face, as defined in section B2.1.

To calculate {H,V}min{L, T}k, two regression lines must be developed
from the deformation vs. time trace.

B2.2.6.1 Regression Line 1

(1) Starting at {H,V } max;;x and moving to the right, select the
5™ through 17" data points (13 data points total).

(2) Perform a least squares linear regression on deformation vs.
time for the selected data points. The resulting equation
shall be as follows:

Deformation = m, x (Time) + b,

Where: m; =  the slope of regression line 1, and
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b; = the Y-intercept of regression line 1
B2.2.6.2 Regression Line 2

(1) Starting at the start point of cycle j+1 and moving to the
left, select first 300 data points (300 data points total).

(2) Perform a least squares linear regression on deformation
versus time for the selected data points. The resulting
equation shall be as follows:

Eq. B4 Deformation = m, x (Time) + b,

Where: m, =  the slope of regression line 2, and
b, = the Y-intercept of regression line 2

B2.2.6.3 Calculate {H,V }minlj

{H,V}minl;; is the deformation at the intersection of
regression lines 1 and 2.

Eq. BS {H,V}minT,,, =m, X(Mjml
N my —m,

B2.2.6.4 Calculate {H,V }minTi
{H,V}minT; is the deformation calculated from

regression line 1 and the first point of cycle j+1

Eq.B6 H,VyminT, ,, =m, x(sp, ;,,)+Db,

B2.2.7 Calculate the total and instantaneous recoverable deformations

The total and instantaneous recoverable deformations shall be referred to
as A{H,V}T;;« and ){H,V}Ii; respectively.
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Eq. B7 AH, VYT, ={H,Vimax, ,—{H,V}min{l,T}

i,j.k i)k

B2.2.8 Calculate average thickness and diameter

Eq. B8 tavg ==

Eq. B9 davg = %

Where: tavg = the average thickness for all the specimens, inches
t= the thickness of specimen i, in
davg = the average thickness for all the specimens, inches

di= the diameter of specimen i, in

B2.2.9 Calculate the average cyclic load

3
Z Pceyclic, ;

Eq. B10 Pavg ; = = 3
Where: Pavg; = the average cyclic load for cycle j, Ibs.
Pcyclicij = the cyclic load for cycle j of specimen i, Ibs.
B2.2.10 Calculate the deformation normalization factors
t. d. Pcyclic, .
Eq. B11 Crorm, | = |~ |x| i || 225
k tavg davg Pavg
Where Cnorm;; = the deformation correction factor for cycle j of specimen i,
tj= the thickness of specimen i, in.
tavg = the average thickness of the specimens, in.
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di= the diameter of specimen i,in.
davg=  the average diameter of the specimens, in.
Pcyclic;j = the cyclic load for cycle j of specimen 1,1b.

Pavgj=  the average cyclic load for cycle j Ib.
B2.2.11 Calculate the normalized deformations

Eq.B12 AH VLT, =(Crorm,, )< (AH VLT, )

Where: A{H,V} {L,T}njjx = the normalized deformation for face k
and cycle j of specimen i, in.
Cnorm;j = the deformation correction factor for
cycle j of specimen i,
e {H,VH{LT}ijx= the deformation for face k and cycle j of

specimen i, in.
B2.2.12 Average deformation data sets

There are 12 deformation data sets. A deformation data set
consists of all the recoverable deformations calculated for a given
axis {H,V}, measurement point {I,T} and cycle j. Average the
deformation data sets by one of the following methods:

B2.2.12.1 Method 1: Normal Analysis

For each deformation data set, remove the highest
and lowest deformation and average the remaining
four. This average shall be referred to as
A{H,V}{L,T}navg;

B2.2.12.2 Method 2: Variation of Normal Analysis
For each deformation data set, remove the tow
highest and the two lowest deformations and
average the remaining two. This average shall be

referred to as A{H,V} {L, T }navg;

B2.2.12.3 Method 3: Individual Analysis

PO7B-7



Eq. B13

Eq. B14

Eq. B15

Eq. B16

B2.2.13

B2.2.14

B2.2.15

B2.2.16

B2.2.18
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For each deformation data set, remove any
deformations and average the remaining
deformations. This average shall be referred to as
A{H,V}{I,T}navg;

Calculate Poisson’s ratios

AH{I,T}navg . AHlInavg .
V{I,T}_/Z—O.1+1.480x[ LT gJJ—O.778x[—g’]

AV{I,T}navg AVlInavg

Calculate the cycle averaged deformations

3
ZA{H, Vi, Tinavg
A{H VY {I,T}ncycleavg = =

3

Calculate the resilient modulus correction factors

AV{I,T}ncycleavg
AH{I,T}ncycleavg

Cmr{I,T} = 0.6345x ( j ~0.332

Calculate resilient modulus

[x Pavg,

M {I,T} =
AT, AH{I,T}navg ; x davg x tavg x Cmr{l,T}

Repeat sections B2.2.1 through B2.2.17 for each temperature
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B2.3 Resilient Modulus Data Analysis Algorithm Flowchart

B2.3.1 Main Procedure

Test Temperature t

v

Specimen 1
Perform \ 4
Subroutine 1 Specimen 2
oy ¥ |
Cycle 1 Cycle 2 Cycle 3 Perform v
¢ ¢ ¢ Subroutine 1 Specimen 3
Perform Perform Perform
Subroutine 2 Subroutine 2 Subroutine 2 ¢ ¢
\4
Cycle 1 Cycle 2 Cycle 3 Perform
‘ ‘ ‘ Subroutine 1
Perform Perform Perform
Subroutine 2 Subroutine 2 Subroutine 2 * ‘
Cycle 1 Cycle 2 Cycle 3
Perform Perform Perform
Subroutine 2 Subroutine 2 Subroutine 2

\ 4

\ 4

4 \ 4

'y

:

I

Here’s what you have calculated so far:

O

Face 1 Deformations Face 2 Deformations
Specimen | Cycle Peyeiic Total Instant. Total Instant.

Hor. Vert. Hor. Vert. Hor. Vert. Hor. Vert.

1 Peyclicy, AHT, AVT, . AHIL, AVI, 1y AHT, AVT, i, AHI, AV,

1 2 Peyclic, AHT, ,; AVT,,, AHI, AV, AHT, ,, AVTi,, AHIL 5, AVI 5,
3 Peyclic, 5 AHT, 3, AVT, 3, AHI, 3, AV 3, AHT, 3, AVT, 3, AHI 3, AVI 3,

1 Pcyclic; AHT, AVT, AHI, | AV, AHT, , AVT, 1, AHIL, ;» AV,

2 2 Pcyclic,, AHT,,; AVT,,, AHI, AV, AHT,,, AVT,5, AHI, 5, AV,
3 Peyclicas | AHT 3, | AVT,3; | AHDLs, AVlys,y AHT,3, | AVTos, | AHDLs, AVlys,

1 Peyclics AHT,,, AVT;,1 | AHLz,, AV, AHT;,, | AVTs,, | AHLs, AV,

3 2 Pcyclics » AHT,,, AVT;,, AHl;,, AV, AHT; 55 AVTs,, AHl;,, AVl3,,
3 Pcyclics 3 AHT, 3, AVT; 3 AHI; 5 AVI; 3, AHT; 5, AVTs3, AHI; 5, AVl;3,
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Calculate average thickness (tavg)and diameter (davg)for each specimen:

'

Calculate average cyclic load (Pavg;) for each cycle:

tan: (tl +t,+ t})/3
dan = (d] + d2 + d3)/3

Pavg;= Pcyclic; ;+ Pcyclic,j+ Pcyclics

l

Calculate Cnorm; for each specimen and cycle:

Cnorm;; = (t; / tavg) * (d; / davg) * (Pcyclici; / Pavg;)

L

Calculate normalized deformations (A{H,V} {I,T}norm;j):

A{H,V} {I,T}niyj,k: CnormiJ * A{H,V} {LT}i,j,k

Here’s what you have calculated so far:

Spec- . Face 1 Normal.Deformations Face 2 Normal. Deformations
imen Cycle | Pcyclic Cnorm Total Instant. Total Instant.
Hor. Vert. Hor. Vert. Hor. Vert. Hor. Vert.
1 Pcyclic;; | Cnorm;; | AHTn;;; | AVTny ; | AHIn;;; | AVIn;; | AHTn;;, | AVTny,, | AHIny i, | AVIng o,
1 2 Pcyclic;, | Cnorm;, | AHTn;,; | AVTn;»,; | AHIn;»; | AVIn;,; | AHTn;,, | AVTn;», | AHIng,, | AVIng,,
3 Peyclicis | Cnormy; | AHTn 5, | AVTn,3, | AHIn;5, | AVIn;5, | AHTn 3, | AVTn3, | AHIngs, | AVIns,
1 Pcyclic,; | Cnormy; | AHTn,;; | AVTny,, | AHIn,;; | AVIny;; | AHTny,» | AVTn,; , | AHlny,» | AVIny,»
2 2 Pcyclic,, | Cnormy, | AHTn,,; | AVTnys, | AHIny,, | AVIny,; | AHTn 5 AVTn,,, | AHIny5, | AVIng,»
3 Pcyclic,5 | Cnormy3 | AHTn,3; | AVTnas; | AHIn,s; | AVIny3; | AHTnys, | AVTnass | AHIngs, | AVIngs,
1 Pcyclics; | Cnorms; | AHTn,;; | AVTns;; | AHIns;; | AVIny;; | AHTn3;» | AVTns;» | AHIns;, | AVIns;,
3 2 Pcyclics, | Cnorms, | AHTny, | AVTns,g | AHIngo; | AVIng,, | AHTns 5, | AVTnsn, | AHIng,, | AVIng,s
3 Peyclics; | Cnorms; | AHT,3; | AVTnss, | AHIngs, | AVInss, | AHTnss, | AVTnss, | AHIngs, | AVInss,
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Trim Data Sets

Set 1: Cyclel,

Set 2: Cyclel,

Set 3: Cyclel,

Set 4: Cyclel,

Set 5: Cycle 2,

Set 6: Cycle 2,

Total Horizontal Instant Horizontal Total Vertical Instant Vertical Total Horizontal Instant Horizontal
Deformation Deformation Deformation Deformation Deformation Deformation
Triml,l = AHTnl‘l,l Trimz,l = AHIHI’LI Trim_“,,l = AVTnl,l,l Trim4,1 = AVInl,l,l Trim5,1 = AHTnl‘z’l Trimf,,l = AHInl’z’l

Triml,z = AHTnz’l’l
Trim1,3 = AHTIlj,’l’l
Trim1,4 = AHTnl,l,z
Trim1,5 = AHTnz,l,z
Trimm = AHTI’]:\,J’Q

Trimz’z = AHIHZ,LI
Trim2,3 = AHIH},,LI
Trim2,4 = AHIIILLZ
Trim2,5 = AHInZ,l,Z
Trim2,6 = AHIII}’IVZ

Trim3,2 = AVTHZ,IJ
Trim3,3 = AVTH3,1,1
Trim3,4 = AVTHI,LZ
Trim3,5 = AVTnZ,l,Z
Trim3,6 = AVTH3’1,2

Trim4,2 = AVInz’l,l
Trim4,3 = AVIH3’1,1
Trim4,4 = AVIHLLQ
Trim4,5 = AVInz’l,z
Trim4v6 = AVIH3,1,2

Trims,z = AHTHQ’ZJ
Trim5,3 = AHTIlj,’z’l
Trim5,4 = AHTHI,Z,z
Trim5,5 = AHTH2,2,2
Tl'im576 = AHTI’]:\,YZ’Q

Trimé’z = AHInz’z,l
Trim6,3 = AHIH3’2,1
Trim6,4 = AHIHLZ,Q
Trim6,5 = AHInz’z,z
Trim6v6 = AHIH37212

Set 7: Cycle 2,
Total Vertical
Deformation

Set 8: Cycle 2,
Instant. Vertical
Deformation

Set 9: Cycle 3,
Total Horizontal
Deformation

Set 10: Cycle 3,
Instant Horizontal
Deformation

Set 11: Cycle 3,
Total Vertical
Deformation

Set 12: Cycle 3,
Instant. Vertical
Deformation

Trimm = AVTI‘ILZ’I
Trimm = AVTI‘IQ’Z’I
Trimm = AVTI‘I&Z’[
Trim7,4 = AVTI‘ILZ’Z
Trim7,5 = AVTI‘IQ’Z’Z
Trim7’6 = AVTH3’2,2

Trimg,l = AVIII]’QVI
Trimg’z = AVIHZ’QVI
Trimg,3 = AVIII}’QVI
Trimg,4 = AVInl,Z,Z
Trimg,5 = AVIﬂz,z,z
Trimg,ﬁ = AVIH3’2’2

Trimgﬂl = AHTH]JJ
Trimgﬂz = AHTHZ’:;VI
Trim973 = AHTII}’:;VI
Trim974 = AHTH];;,Z
Trim975 = AHTH2,3,2
Trim% = AHTH3’3’2

Trimloyl = AHII’I]J’I
Tl'imloyz = AHII’IZJ’I
Trimlo& = AHII’I:\,J’]
Trimloy4 = AHII’]]J’Q
Tl'imloys = AHII’]ZJ’Q
Trimlo‘(, = AHIH3‘3’2

Trim“,l = AVTI’II,}J
Trim“,z = AVTI’IZ,}J
Trimlm = AVTI’I3,3‘1
Trim11,4 = AVTI’II,}‘Q
Trim“,S = AVTI’IZ,}‘Q
Trimlu, = AVTH3‘3’2

Trimlz,l = AVIH]V:;J
Trimn‘z = AVIHQJJ
Trim|273 = AVIH373W|
Trim|2,4 = AVIH1,3,2
Trim|2,5 = AVIHQJWZ
Trimu,é = AVII‘I3’3’2
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O
'

Decision:
Choose an analysis
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Individual

procedure

Variation of
normal analysis

A 4

Calculate Trimavg, for each trim set g:

Remove the highest and lowest
deformation, and average the middle
four values

Calculate Trimavg, for each Trim set g:

Remove the two highest and two lowest
deformations, and average the middle
two values

Calculate Trimavg, for each Trim set g:

Choose any deformations from the Trim Set
and average them

A 4

Calculate the Poisson’s ratios for each cycle j and deformation {I,T}

vI;=-0.100 + 1.480 (Trimavg, / Trimavg;)* — 0.778 (tavg/davg) > (Trimavg, / Trimavg;)
vT;=-0.100 + 1.480 (Trimavg,/ Trimavg,)’ — 0.778 (tavg/davg)* (Trimavg, / Trimavg;)*
vI,=-0.100 + 1.480 (Trimavgs/ Trimavg;)* — 0.778 (tavg/davg) > (Trimavgs/ Trimavg,)*
vT,=-0.100 + 1.480 (Trimavg,/ Trimavgg)® — 0.778 (tavg/davg)’ (Trimavgs/ Trimavg;)®
vI;=-0.100 + 1.480 (Trimavg,/ Trimavg,,)* — 0.778 (tavg/davg)* (Trimavge/ Trimavg,,)*
vT5=-0.100 + 1.480 (Trimavg,,/ Trimavg,,)* — 0.778 (tavg/davg)? (Trimavg,/ Trimavg, )

v

®
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Calculate the cycle averaged trim deformation (A{H,V}{L,T}trimavg) for each
orientation {H,V} and deformation {I,T}:

AHTtrimavg = (Trimavg, + Trimavgs+ Trimavgy) / 3
AHItrimavg = (Trimavg, + Trimavgs+ Trimavgy,) / 3
AVTtrimavg = (Trimavg; + Trimavg; + Trimavgy;) / 3
AVltrimavg = (Trimavg, + Trimavgg + Trimavg;,) / 3

Cmrl = 0.6345 * (AHItrimavg/AVItrimavg) "' — 0.332
CmrlT = 0.6345 * (AHTtrimavg/AV Ttrimavg) "' — 0.332

Calculate resilient modulus correction factors (Cmr{I,T}):

Calculate instantaneous and total resilient modulus (MR {I,T};) for each Cycle j

MRT, = ( gauge length * Pavg, ) / ( Trimavg, * davg * tavg * CcmplT )
MRI, = ( gauge length * Pavg, ) / ( Trimavg, * davg * tavg * Ccmpll )
MRT, = ( gauge length * Pavg, ) / ( Trimavgs * davg * tavg * CcmplT )
MRI, = ( gauge length * Pavg, ) / ( Trimavgs * davg * tavg * Ccmpll )
MRT; = ( gauge length * Pavg; ) / ( Trimavgy * davg * tavg * CcmplT )
MRI; = ( gauge length * Pavg; ) / ( Trimavg,, * davg * tavg * Ccmpll )

Report the following:

Cycle vl vT; MRI; MRT;
1 vl vT, MRI, MRT,;
2 VIZ VT2 MRIz MRT2
3 VI 3 VT3 MRI3 MRT3
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B2.3.2 Subroutine 1

YES

Specimen i

'

Find Pmax for
Cycle 1

l

Find the number of

data points prior to
the maximum load
value for cycle 1.

Decision:
> 150 points

Data from cycles
1,2 and 3 used for
analysis

Version 1.1, August 2001

NO

before Pmax for
Cycle 1?

Ignore Cycle 1:
Cycles 2, 3, and 4
shall be considered
Cycles 1, 2, and 3

Calculate the contact load ( Pcontact; ) as
follows: Average the range of points
from 30 points before Pmax to 80 points
before Pmax for cycle 1 (50 points total).
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B2.3.3 Subroutine 2

Specimen i, Cycle j

l

Find the maximum axial load for
Cycle j (Pmax;)

'

Determine the beginning and end points for Cycle j.

Starting at Pmax;; and moving to the left, the start point for Cycle j
is defined as the last data point which is greater than Pcontact; + 6
Ibs. (Pcontact; was calculated in Subroutine 1)

Starting at Pmax;; and moving to the right, the end point for cycle j
is defined as last data point which is less than Pcontact; + 6 Ibs.

'

Determine the cyclic load (Pcyclic;;)

Pcyclic;; = Pmax;; - Pcontact;
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f Face 1 j f Face 2
Vertical Horizontal Vertical Horizontal
Deformations Deformations Deformations Deformations
Subroutine Subroutine Subroutine Subroutine
3 3 3 3
AVT;; AVIj, AHT;, AHI;j; AVTi;, AVIij» AHT;;» AHI;j»
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B2.3.4 Subroutine 3

Orientation {H,V}, Specimen i, Cycle j, Face k

Determine maximum deformation ({H,V}max;;):

From the deformation vs. time trace, within the cycle start and
end points determined in subroutine 2, find the maximum
deformation. There will be 12 traces per test

(3 specimens x 2 faces per specimen x 2 orientations per face).

v
Regression Line #1 Regression Line #2

v
Determine Regression Range: Determine Regression Range:
Starting at {H,V}max;;, Starting at the Cycle j end
select the 5™ through 17" point, select the 299 data
points to the right (13 data points to the left, and the first
points in total). data point of Cycle j + 1

Perform Regression:

Perform a linear, least squares regression of the
> selected data points. The equation shall have the
following form:

Deformation = slope * (time) + intercept

'
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Instantaneous Resilient Deformation Total Resilient Deformation (A{H,V}Tij;):
(A{H,V}Lj0):
Find the deformation given by regression line

Find the intersection of regression lines 1 and 2. 2 at the first point of Cycle J+1. This
The deformation at this point is {H,V }Imin,. deformation is {H,V}Tmin ;.
A {H,V} Ii,j,k = {H,V}maxm-’k - {H,V} Imini,j,k A{H,V} Ti.j,k = {H,V}maxi’j’k - {H,V} Tmini’j,k
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Creep Compliance Data Analysis Algorithm

An outline of the creep compliance data analysis algorithm that is used in the
“ITLTFHWA” software, and described in the report by Roque et. al. is presented in
section B3.2. The algorithm is described graphically in section B3.3.

B3.1 Subscript Convention
For the purpose of clarity, a subscript convention has been developed. The
subscript ‘i’ represents the specimen number (i = 1, 2, or 3), the subscript ‘j’
represents the creep time (j =1, 2, 5, 10, 20, 50, or 100), and the subscript ‘k’
represents the specimen face (k =1 or 2). Thus a variable may have up to three
subscripts of the following form: Xjj .

B3.2 Analysis

A separate analysis must be performed for each of the three temperatures at which
creep compliance data is collected.

B3.2.1 Determine the creep test start point

The 10™ data point in the file is always assumed to be the starting
point of the test. It is essential that when the test is performed

that exactly 10 data points are collected prior to the initial

application of the creep load otherwise this analysis algorithm

will produce erroneous results. Since the data sampling rate

should be constant at 10 Hz, the creep load should be applied

exactly 1 second after the data acquisition is initiated.

B3.2.2 Determine initial extensometer readings

Determine the extensometer reading ({H,V }min; ) at the starting
point of the creep test for each specimen i and face k. The starting
point was defined in Section B3.2.1.

B3.2.3 Determine the extensometer reading for each creep time j

The Table B2 indicates the data point that corresponds to a certain

creep time j for each face k of each specimen i.
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Table B 2. Extensometer reading data points

Extensometer reading at time j Data Point
{H,V}i1x 20™ point in data file
{H,V}isx 30" point in data file
{H,V}isx 60™ point in data file
{H,V}i 10k 110™ point in data file
{H,V}izox 210" point in data file
Average 505" point through 515
{H,V}isox point (11 points total)
{H,V}ii00x 1010™ point in data file

For a 100-second creep test, the deformations at 50 seconds are
used to calculate the Poisson’s ratio for the experiment. To
prevent a spike in the data from influencing the Poisson ratio
value, the average of the 505" point through the 515" point (11

points total) is taken as the deformation at 50 seconds.

B3.2.4 Calculate deformations for each creep time j, face k, and
orientation {H,V} of each specimen i.
Eq. B20 AH,V}

={H,V},; —{H,V}imin

i,j.k i)k

Where:A{H,V}i;x= the deformation for creep time j of face k of

each specimen i, in.

{H,V}i;x= the extensometer reading for creep
time i of face k of each specimen i, in.

{H,V}min; = the extensometer reading at the start of the
creep test for each face k of each specimen i,
n.

B3.2.5 Determine the axial load (P;;) for each creep time j of each

specimen i.
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Table B 3. Axial load data points

Axial load at time j Data Point

Pi 20™ point in data file
Pi» 30t point in data file
Pis 60™ point in data file
Pi1o 110™ point in data file
Piso 210" point in data file
Piso 510™ point in data file
Pi.100 1010™ point in data file

B3.2.6 Determine the average axial load (P;) on specimen i .

2P

Eq B21 P = ¢=1,2,5,10,20,50,100
. s
where: P;= the average axial load for specimen i, 1bs.

Pi;= the axial load for specimen i at time = t, Ibs.

B3.2.7 Calculate the average specimen thickness (tavg), the average
specimen diameter (davg), and the average axial load (Pavg).

3

it[ > d, in

Eq B22 tavg = % davg ) S Pavg = %

where: tavg = the average specimen thickness, in.
davg = the average specimen diameter, in.
Pavg = the average axial load, Ibs.

ti=  the thickness of specimen i, in.
di=  the diameter of specimen i, in.
Pi=  the axial load for specimen i, Ibs.
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B3.2.8 Calculate the deformation normalization factor (Cnorm;)for each

specimen i.
Eq. B23 Cnorm, = ( d jx[ 4 jx (Pavg}
tavg davg P
Where: Cnorm; = the deformation normalization factor for
specimen i.

tavg = the average specimen thickness, inches.
davg = the average specimen diameter, inches.
Pavg = the average axial load, 1bs.
t; = the thickness of specimen i, inches.
d,= the diameter of specimen i, inches.
P, = the axial load for specimen i, Ibs.

B3.2.9 Calculate the normalized deformations (4 {H,V}norm; ;) for time

j and face k of each specimen i.

Eq. B24 A{H Vnorm, ;, =(Cnorm,)x (A{H.V}, )

where: A{H,V}norm;; = the normalized deformations for time
j and face k of specimen i, inches.
AH,V}iic= the deformation for creep time j of
face k of each specimen i, inches.
Cnorm; = the deformation normalization factor
for specimen i.

B3.2.10 Average deformation data sets

There are 14 “trim” data sets. A deformation data set
consists of all the recoverable deformations calculated for a
given orientation {H,V}, and time j. Average the

deformation data sets by one of the following methods:
B3.2.10.1 Method 1: Normal Analysis

For each trim data set, remove the highest

and lowest deformation and average the
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remaining four. This average shall be

referred to as A{H,V }trimavg; for time j.
B3.2.10.2 Method 2: Variation of Normal Analysis

For each trim data set, remove the two
highest and the two lowest deformations and
average the remaining two. This average
shall be referred to as A{H,V }trimavg; for

time j.
B3.2.10.3 Method 3: Individual Analysis

For each trim data set, remove any
deformations and average the remaining
deformations. This average shall be referred

to as A{H,V }trimavg; for time j.

B3.2.11 Calculate the Poisson’s Ratio at time = 50.
AHtri ? AHtri *(tavg \’
Eq. B25 Y= —0.10+1.45 SMAVEs | _ () 779 SETNDVE s | | FAVE
AVtrimavg g, AVtrimavg, davg
Where:v = the Poisson’s Ratio

AHtrimavgs, = the average horizontal trimmed
deformation at time = 50, in.
AVtrimavgs, = the average vertical trimmed

deformation at time = 50, in.

tavg = the average specimen thickness, in.
davg = the average specimen diameter, in.
B3.2.12 Calculate the creep compliance correction factor (Comply)

for each time j.
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AHtrimavg ; B
Eq. B26 Cempli = 0.6354 ———- | —0.332

AVtrimavg ;

Where: Cempl; = the creep compliance correction
factor at time j.
AHtrimavg;= the average horizontal trimmed
deformation at time j, in.
AVtrimavgj = the average vertical trimmed
deformation at time j, in.

B3.2.13 Calculate the creep compliance for each time j .

AHtrimavg . x dave x tavg x Cempl .
Eq. B27 D, ZL g, gxtavg Pl j

Pavg x GL

where: D; = the creep compliance at time j, 1/psi
AHtrimavg;= the average horizontal trimmed

deformation at time j, in.

davg = the average specimen diameter, in.

tavg = the average specimen thickness, in.

Cempl; = the creep compliance correction
factor at time j.

Pavg = the average axial load, 1bs.

GL = the extensometer gage length (1 inch

for a nominal 4 inch specimen
diameter, 1.5 inches for a nominal 6

inch specimen diameter).
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B3.3 Creep Compliance Data Analysis Flow Charts

B3.3.1 Main Procedure

Specimen 1

'

Perform
Subroutine 1

Specimen 2

'

Perform
Subroutine 1

Version 1.1, August 2001

Specimen 3

'

Perform
Subroutine 1

v

v

v

v

v

v

\ 4
1 sec 2 sec 5 sec 10 sec 20 sec 50 sec 100 sec
Perform Perform Perform Perform Perform Perform Perform

Subroutine 2

Subroutine 2

Subroutine 2

Subroutine 2

Subroutine 2

Subroutine 2

Subroutine 2

e

'

1
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— | >

Here’s what you have calculated so far:

Time Face 1 Face 2
(sec) Horiz. Vertical Horiz. Vertical
1 AH, 4 AViia AH, 0 AViia
2 AH, AV AH;,0 AViss
5 AH, 5, AV, AH, 50 AVis,
1 P, 10 AH, 10, AV 101 AH, 102 AV 102
20 AH, 50,1 AV 001 AH, 50, AV202
50 AH, 50,1 AVis04 AH, 50 AV, 502
100 | AHy 001 | AVigood | AHiige2 | AViigo2
1 AH, AViia AH, 0 AVyia
AH,,, AV AH,,, AVis
5 AH, 5, AV AH, 5. AVys)
2 P, 10 AH, 10, AV 101 AH, 102 AV 102
20 AH) 50,1 AV;001 AH, 50, AV5000
50 AH; 50,1 AV 501 AH, 50 AV 500
100 | AH1001 | AVauoor | AHzi002 | AVaig02

Specimen P

1 AH3, AV3, AH; AVii,

2 AH;,, AVioi AH;,, AV,

5 AH; 5, AVis, AH; 5, AVss)
3 P3 10 AHj 10, AV3 104 AH; 102 AV3 100

20 AHj 50, AV350.1 AHj 5, AV3502
50 AH3 50,1 AV 501 AHj 50, AV3502
100 | AHs1001 | AVia001 | AHs1002 | AV3i002

l

Calculate average specimen thickness (Tavg), diameter (Davg) and axial load (Pavg):

Tavg= (T, + T, +T3)/3
Davg=(D;+D,+D5)/3
Pan:(P1+P2+P3)/3

O,
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Cnorm; = ( T;/ Tavg ) * ( D;/ Davg ) * ( Pavg / P;)

Calculate the deformation normalization factors for each specimen i (Cnormy)

.

Calculate the normalized deformations for each orientation {H,V}specimen i, time j and face k (A{H,V }norm, j):

A{H,Vinorm, j, = Cnorm; * A{H,V}, jx

Here’s what you have calculated so far
Specimen P Cnorm Time Face 1 Face 2
(sec) Horiz. Vertical Horiz. Vertical
1 AHnorm, ; AVnorm, AHnorm, ; » AVnorm, ;»
2 AHnorm, » AVnorm, , AHnorm, ,» AVnorm, ,»
5 AHnorm; 5 AVnorm; s AHnorm; s, AVnorm; s,
1 P, Cnorm, 10 AHnorm, ;o ; AVnorm, 19 AHnorm, ¢, AVnorm, 19,
20 AHnorm, 5 AVnorm, 5 ; AHnorm,; »0» | AVnormj s
50 AHnorm; 5 | AVnorm, s | AHnorm; 50, | AVnorm, sg»
100 AHnorm, 4.1 AVnorm, 0.1 AHnorm, 1902 | AVnorm g0,
1 AHnorm, ; AVnorm, | AHnorm, ; » AVnorm, ; »
2 AHnorm, » AVnorm, AHnorm, , » AVnorm, >
5 AHnorm, 5 4 AVnorm, s ; AHnorm, s, AVnorm, s,
2 P, Cnorm, 10 AHnorm, 1o ; AVnorm, 19 AHnorm, 9, AVnorm, 19,
20 AHnorm, 5 AVnorm, 5 ; AHnorm, 0, | AVnorm;aos
50 AHnorm; 51 AVnormy sg AHnorm; so.» AVnorm, sg»
100 AHnormy 1991 AVnormy 0.1 AHnormy 1902 | AVnormy g,
1 AHnorms ; ; AVnorms ; | AHnorm; ; » AVnorms | »
2 AHnorms » AVnorms AHnorms, » AVnorms, >
5 AHnorm; s ; AVnorms s AHnorms s, AVnorms s,
3 P; Cnorm; 10 AHnorms 1o ; AVnorms 19 AHnorms 9, AVnorms 19,
20 AHnorms 5 AVnorms; g ; AHnorms 55 AVnorms; 5>
50 AHnorms 5o ; AVnorms sg AHnorms so» AVnorms sg»
100 AHnorms 10,1 AVnorms 0.1 AHnorms 190, | AVnorms oo
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Develop the trim data sets ( A{H,V}trim;)
A trim data set consists of all the normalized deformations for a given time j and specimen orientation {H,V}

AHtrim;= {AHnorm, j; , AHnorm, j, AHnorm,;, , AHnorm,,, AHnorm;;,; , AHnorms;,}
AVtrim;= {AVnorm, j; , AVnorm, j, AVnorm,;, , AVnorm,,, AVnorms;; , AVnorms;,}

Decision:

Normal : Individual
Choose an analysis
procedure
Variation of normal
analysis
v v

Calculate A{H,V}trimavg; for each Calculate A{H,V}trimavg; for each Calculate A{H,V }trimavg; for each
orientation {H,V} and time j : orientation {H,V} and time j : orientation {H,V} and time j :
Remove the highest and lowest Remove the two highest and two lowest Choose any deformations from the Trim Set
deformation, and average the middle deformations, and average the middle and average them
fOur ValueS tWO Values

v

O
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Calculate Poisson’s Ratios at time 50 (vs):

vso=-0.10+ ( 1.48 —0.778 * ( Tavg / Davg )* ) * ( AHtrimavgs, / AVtrimavgs, )

v

Calculate the creep compliance correction factors for each time j (Cempl;):

Cempl; = 0.634 * (AVtrimavg;/ AHtrimavg; )

'

Calculate creep compliance at each time j (D;):

D; = ( AHtrimavg;) * ( Davg ) * ( Tavg ) * ( Cempl; ) / ((Pavg) * ( gauge length )

l

Report the following:
Time (sec) D;
1 D,
2 D,
5 D5
10 Dy
20 Dy
50 D50
100 D]()()
Vso
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B3.3.2 Subroutine 1

specimen i

Determine the creep test start point:

For a properly formatted data file, the start point is defined as
the tenth point from the start of the data file, at time = 1 sec

v

Determine extensometer reading at the start point ({H,V}min; ) for each specimen i and face k
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B3.3.3 Subroutine 2

specimen i,

v

Determine the extensometer reading of specimen i, orientation {H,V} face k at time j ({H,V};;):
EXCEPT for time 50

From the deformation vs. time trace select the point at (start point + (j * 10) )

'

Determine the extensometer reading of specimen i, orientation {H,V} face k at time 50 ({H,V };s0):

From the deformation vs. time trace select the points at (start point + 495) to (start point + 505), and average them

!

Calculate the deformation of specimen i, orientation {H,V} face k at time j (A{H,V};):

A{H,V}iﬂjyk = {Hav}i,j,k - {H,V}miniﬂk

'

Determine the axial load on specimen i, at time j (P;;)

From the load vs. time trace select the point at (start point + (j * 10))

.

Calculate the average axial load on specimen i, (P;)

Pi=(Pi;+Pi,+Pis+Pi1o+ Pist+ Pisot Piiog) /7
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B4.  INDIRECT TENSILE STRENGTH DATA ANALYSIS ALGORITHIM

An outline of the indirect tensile strength algorithm that is used in the “ITLTFHWA”
software, and described in the report by Roque et. al. is presented in section B4.2. The
algorithm is described graphically in section B4.3

B4.1

B4.2

Eq. B28:

Eq. B29:

Subscript Convention

For the purpose of clarity, a subscript convention has been developed. the
subscript ‘i’ represents the specimen number (i = 1,2 or 3), the subscript j’
represents the specimen face (j =1 or 2) and the subscript ‘t’ represents the time at

which a value was measured. Thus a variable may have up to three subscripts of
the following form: Xj;;.

Analysis
B.4.2.1 Invert Load Values

For each of the three specimens, multiply all load values by —1, so that
compression values are positive.

B.4.2.2 Determine Cycle Start Time (ts;):
For specimen i, determine the time at which the load cycle starts. The
load cycle start time is defined as the first time t that satisfies the

following two requirements:

1) The load must continuously increase over the three data points
subsequent to ts;, as shown below:

P[,ts,-Jrl.S >Pl,tsl-+1AO >Pi,tsl-+OA5 >R,ts,

2) The load must increase by at least 40 1bs over the three data points
subsequent to ts;, as shown below:

P

t+1.5

— P)40/bs.

B4.2.3 Zero the Time Values

For each specimen i, subtract ts; from each time value, so that the load
cycle starts at t = 0.
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B4.2.4 Zero the Load Values

For each specimen i, subtract the initial load value, P; from each load
value, so that the load at the time the cycle starts is 0.

B4.2.5 Calculate the Deformation Zero Value ({H,V}s;;)
For each specimen i, face j, and orientation {H,V}, the deformation zero

value is equal to the average of the 10 deformation values prior to the
load cycle start, as shown below:

10
D {H, V3,

Eq. B30: {HV}s,, = 11—02

B4.2.6 Zero the Deformation Values

For each specimen i, face j, and orientation {H,V}, subtract {H,V}s;;
from the respective deformation value.

B4.2.7 Determine the Failure Load (P;.s)
B4.2.7.1 Determine tf;;

For each specimen i, and face j, determine the time where
Vi;«— Hij 1s at a maximum (tf;;).

B4.2.7.2 Determine Time of Specimen Failure (tf;)

For each specimen i, the time of specimen failure (tf;) is the
minimum of tf; ; and tfj».

B4.2.7.3 Determine the Failure Load (P;.)

For each specimen i, the failure load is the load P
corresponding to time tf;.

B4.2.9 Determine the Deformations at Half the Failure Load A{H,V};)
B4.2.9.1 Determine the Time of Half Failure Load (th;)

For each specimen i, th; is the time that satisfies the following
equation:
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Eq. B31

Eq. B32

Eq. B33

Eq. B34

Eq. B35

B4.2.10

B4.2.11

B4.2.12

B4.2.13
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B4.2.9.2 Determine Deformations at Time th;
For each specimen i, face j and orientation {H,V}, select the
deformations at time th;. This value shall be referred to as
A{H,V}i;.

Calculate the Average Specimen Thickness and Diameter

Calculate the average specimen thickness (Tavg) and diameter (Davg) as
shown below:

T +T, +T.
Tavg:—1 2 3
3
D +D,+D
Davg = ——3>—— 32 2

Calculate the Deformation Normalization Factors (Cnorm;)

For each specimen i, calculate the deformation normalization factors as
shown below:

D.

i + i

Tavg Davg

Cnorm; =

1

Calculate the Normalized Deformations () {H,V }norm; ;)

A{H,V norm, ; = Cnorm, x A{H,V }norm,

Average deformation data sets
There are 2 “trim” data sets. A deformation data set consists of all the

normalized deformations calculated for a given orientation {H,V}.
Average the deformation data sets by one of the following methods:
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B4.2.13.1 Method 1: Normal Analysis

For each trim data set, remove the highest and lowest
deformation and average the remaining four. This average
shall be referred to as A{H,V }trimavg.

B4.2.13.2  Method 2: Variation of Normal Analysis
For each trim data set, remove the two highest and the two
lowest deformations and average the remaining two. This

average shall be referred to asA{H,V }trimavg.

B4.2.13.3  Method 3: Individual Analysis

For each trim data set, remove any deformations and
average the remaining deformations. This average shall be
referred to as A{H,V }trimavg.

B4.2.14 Calculate Poisson’s Ratio (V)

. 2 . 2 2
Eq. B36 p = 0,10+ 1.48| AHIIMAVE | 79g Allrimavg | [ Tavg
AVtrimavg AVtrimavg Davg

B4.2.15 Calculate “Used” Poisson’s Ratio (Vyseq)
B4.2.15.1 Casel:v>0.5

If the < calculated in step B4.2.14 is greater than 0.5, then
Vused — 0.5.

B4.2.15.2 Case 2: v<0.05
If the < calculated in step B4.2.14 is less than 0.05, then
Vused = 0.05.

B4.2.15.3 Case 3: 0.05<v<0.5

If the v calculated in step B4.2.14 is between 0.05 and 0.5,
then Vygeq = V.
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B4.2.16 Calculate the Stress Correction Factors

For each specimen i, calculate the stress correction factors as follows:

T, T
Eq. B37 CSX, =0.948-0.11 14(1)—’] ~0.2963y, , +1 .463(5’Jvmd

i i

B4.2.17 Calculate the Indirect Tensile Strength
For each specimen i, calculate the indirect tensile strength as follows:

2P, ,CSX,
Eq. B38 ITS, = ————
7l D,

B4.2.18 Calculate the Average Indirect Tensile Strength

ITS, + ITS, + ITS,

Eq. B39 ITSavg = 3
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Indirect Tensile Strength Analysis Flowcharts
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B4.3.1 Main Procedure
Specimen 1 Specimen 2 Specimen 3
Perform Perform Perform

Subroutine 1

Subroutine 1

Subroutine 1

'

'

'

Here’s what you have calculated so far:

Specimen Load Face 1 deformations Face 2 Deformations
Horiz. Vertical Horiz. Vertical
1 Ps AH, 140 AV AH, 550 AVisn
2 Pys AHy 140 AVyi6m AHy5 40 AVioin
3 Ps¢ AH3,160 AVii6m AH35 40 AV

v

Calculate average specimen thickness (Tavg) and diameter (Davg):

Tavg= (T +T,+T;)/3
Davg= (D, +D,+D;)/3

v

Calculate the deformation normalization factors for each specimen i
(Cnormy)

Cnorm; = (T;/ Tavg) * (D;/ Davg)

v

Calculate the normalized deformations for each orientation {H,V}, specimen i and face j (A{H,V}norm;;g»):

A {H,V}IlOI'l’niyj’f/z = Cl’lOI‘l’l’li * A {H,V}uqf/z

v

Develop the trim data sets (A{H,V}trim):
A trim data set contains all of the normalized deformations for a given specimen orientation {H,V}:
AHtrim = (AHI’IOI‘I’I’I[JJ‘/Z 5 AHnorml,zvf/Q 5 AHnormzvlm . AHI’IOI‘mlzyf/z 5 AHnormll,f/z 5 AHnormmm )

AVtrlm = (AVnormuyf/z 5 AVnorml,zvf/Q 5 AVnormzvlm . AVI’IOI‘mlzyf/z 5 AVnormM,f/z 5 AVnormmm )

v

O
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Normal Analysis

v

Calculate A{H,V}trimavg for each
orientation {H,V}:

Remove the highest and lowest
deformation, and average the middle
four values

Decision:
Choose an

Version 1.1, August 2001

Individual Analysis

analysis

Variation of
normal analysis

A 4

Calculate A{H,V }trimavg for each
orientation {H,V}:

Remove the two highest and two lowest
deformations, and average the middle
two values

Calculate A{H,V }trimavg; for each
orientation {H,V}:

Choose any deformations from the Trim Set
and average them

A4

Calculate Poisson’s Ratio (v):

v=-0.10 + 1.48 * (AHtrimavg / AVtrimavg)> — 0.778 * (AHtrimavg / AVtrimavg)® * (tavg / davg)’

v

Calculate “Used” Poisson’s Ratio (Vyeq):

If v < 0.05, then vyq = 0.05
Else If v > 0.5, then vyeq = 0.5
Else vyeeq =V

'

Calculate the stress correction factor for each specimen i (CSX):

CSX;=0.948 — 0.1114 * (T;/ D;) — 0.2963 * Vyeeq + 1.463 * (T;/ D;) * Vysea

!
)
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Calculate the indirect tensile strength for each specimen i (ITS;):

ITS,=(2*Plf*CSX,)/(n*Tl*D,)

Calculate the average indirect tensile strength (ITSavg):

ITSavg = (ITS, + ITS, + ITS; ) / 3

'

Report the following:

ITS,
ITS,
ITS,
ITSavg
v

Vused
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B.4.3.2 Subroutine 1

Specimen i

v

Multiply all load values by —1 so that compression
values are positive.

Determine the time at which the load cycle starts (s):

s is the earliest time t (in seconds) that satisfies the following two equations:
Pt+1.5 - Pt > 40 1bs.

Piis > Puio > Puos > Py

v

Zero the time values for each time t:

SETt=t-s

v

Normalize the load values, P, for each time t (P,):

SET P, =P, - P,

'

Normalize the deformation values for each orientation {H,V}, face j and time t ({H,V};,):

SET {H,V}j; = {H,V}ji — ({H,V}iss0 + {H,V}jsas ¥ {H,V}jea0 ¥ {H,V}jeas + {H,V}jeso +
{H,V}ieos ¥ {H,V}ieo0 + {H,V}ieis + {H V0 + {HV}ies)/ 10
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Find the time at which maximum difference between the vertical and horizontal deformations occurs for each face j (fj):

fj is the time t where (V};, - {H};, is at a maximum

Select the minimum of f; and f, (f). This is the time of the specimen failure.

'

Select the load P at time f (Pg). This is the specimen failure load

v

Find the time at which the load is one-half the failure load (f/2):

/2 is the time t that satisfies the following equation:

Py =(Pp) /2

v

Select the deformations for each orientation {H,V} and face j (A{HV};¢,)
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